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 Nanoscale particles based on the nature of building blocks often self-assemble 
into superstructures with distinctive spatial arrangements which can be used as functional 
materials for different application. Micro-phase separated hairy nanoparticle with helical 
hair can self-assemble to form supramolecular material which may mimic the properties 
and functions of the natural polymers such as protein and cellulose. Beside this 
hairy/core-shell nanoparticles also may find many applications such as in asymmetric 
catalysis, nano-fillers in tire and rubbers, model systems for biology, lithography and as 
sensors. In this work, we have successfully synthesized two hairy nanoparticles both of 
which has cross-linked polystyrene core with helical poly (3- methyl 4- vinyl pyridine) 
and poly (2- methoxystyrene) brushes respectively by living anionic polymerization via 
one-pot synthesis. NMR spectroscopy was used to determine that polymerization was 
successful and compositions of HNPs have the agreement with the targeted HNPs 
ii 
 
structure. By tailoring the architecture (functionalization of polymer chains, the degree of 
polymerization, grafting density) of HNPs, it is possible to control the final properties of 
the system. Differential Scanning Calorimetry was used to demonstrate the thermal 
properties of the synthesized HNPs which corresponds to polymer composition. Dynamic 
light scattering, SEM and AFM images were recorded to measure the particle size and 
morphology of the particles. Circular dichroism spectroscopy was used to determine the 
induced chirality of helical polymer brushes by complexing it with the small chiral 
molecule. SEM and AFM imaging were recorded to find out the morphology and 
hierarchically self-assembly of the hairy nanoparticle system. The synthesized particles 
may have great potential to successfully generate self-assembled suprastructures which 
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 Self-assembly is a fundamental and universal process in nature and can be found 
at all scale length.1 Nanoscale particles based on the nature of building blocks often self-
assemble into superstructures with distinctive spatial arrangements that are difficult to 
predict.2 The assembly of atomic, molecular, nano- and micro-scale building blocks into 
macroscopic structures is an idea that runs through chemistry, biology and material 
science.3 The relation between precision polymerization and supramolecular self-
assembly creates new avenues to obtain functional polymeric materials with well-defined 
three-dimensional architectures. The desire to control polymer structure -property 
through the synthesis of block copolymers as well as complex macromolecular 
architectures is a continuing theme throughout polymer chemistry.4 Micro-phase 
separated polymeric nanoparticles have a remarkable self-assembling property that can 
adopt a wide variety of morphologies including lamellar,5 toroidal,6–8 hexagonal-packed 
cylindrical, and body-centered cubic micellar structures, depending on the relative 
volume fractions of the blocks. This clear picture of the morphology as a function of 
composition has primarily emerged from the investigation of di-block copolymers. The 





for self-assembly ranging from block copolymers,9 dendrimers10, core-shell11 
nanoparticles to DNA-coated colloidal particles.12 Block copolymers with well-defined 
structures, such as molecular weight (MW) and molecular weight distribution (MWD), 
composition, architecture and end group functionality, are very important, and this can be 
achieved by the sequential monomer addition, coupling reaction of “living” polymer 
chains, mechanism transformation and incorporation of functional groups at the chain 
end.13 The progress in synthesis approach has led to the emergence of numerous self-
assembled suprastructures for a wide variety of applications, including catalysis, 
separation, sensing and drug delivery.10  
The development of ionic polymerization specifically anionic polymerization 
allowed the preparation of well-defined polymers with controlled chain end 
functionalities and the synthesis of well-defined block and graft copolymers with narrow 
molecular weight distribution (MWD).13 For example, it has been demonstrated that a 
block copolymer of P4VP prepared by anionic polymerization has the ability to form 
self-assembled supramolecular structure which has  high complexibility with metal ion 
and electrical conducting property.14 Synthetic membranes with selective permeability 
and controlled molecular or ionic transport are also very important in a vast variety of 
applications utilized on a wide range of scales, from microfluidics to industrial 
processes.4 These applications include size- and charge-based separation of ions and 
molecules in the gas and liquid phases used in the purification of gases, water 
desalination and biotechnology, as well as in bio-sensing, drug delivery, catalysis and 




nonporous membranes with selective ionic transport enable the function of energy 
conversion devices such as fuel cells and lithium batteries. The pore formation in 
polymeric membrane materials is most often achieved by phase separation and porogen 
use, as well as nanoparticle templating and track etching, while ion transport is imparted 
by selecting the appropriate polymer structure and membrane composition. Small 
molecules have been used to introduce nanopores into organic films or to form 
nanoporous membranes via reversible self-assembly. This approach is particularly 
attractive as it promises many advantages in terms of fabrication, processing, cleaning 
and reuse of the membranes. Self-assembly was also utilized in the formation of 
nanoporous membranes from liquid crystals,15 proteins,16 dendrimers, block 
copolymers,17 anionic polymers and polyelectrolytes via layer-by-layer deposition, and 
while carbon nanotubes were used to form nanopores in polymeric membranes.  
Amphiphilic phase separated copolymers with helical block in it can also be a 
good material to spontaneously form integral asymmetric isoporous membranes by 
evaporation-induced self-assembly which can be useful in chiral resolution.18 Chiral 
separation of one specific enantiomer from others is in great demand for the production 
of pharmaceuticals and agrochemicals because many pharmaceuticals exist as 
stereoisomers, with each enantiomer having different biological activity.19 There is 
considerable demand for separation techniques appropriate for the large-scale resolution 
of chiral molecules. Chiral separation of racemic mixtures of pharmaceuticals through 
chiral or achiral polymeric membranes with or without a chiral selector represents a 




with helical structure can be used to prepare separation membrane for enantiomers.21  
Before designing this type of chiral separation membranes, we have to understand how 
the composition of the particles affect the self-assembling property of the building 
blocks.  
1.1 Hairy-Nanoparticle Systems 
For the past few decades, there has been an interest in the development of 
polymeric nanoparticles as building blocks to generate functional materials through 
supramolecular self- assembly. The advancement in new synthesis techniques makes it 
possible to synthesize not only the symmetrical shape nano-particles but also a variety of 
other shapes such as cube,22–30 prism,31,32 hexagon,31–36 octahedron,25 disk,37 wire,34,38–44 
rod,44–52 tube,44,53–56etc. The properties of nanoparticles are not only size dependent but 
are also linked to the actual shape. Nanoparticle’s physical and chemical properties such 
as catalytic activity and selectivity, electrical and optical properties, and melting point are 
also all highly shape-and composition dependent.57 
Nanomaterial synthesis can be broadly divided into two categories: “top-down” 
and “bottom-up”. The “top-down” approach often uses traditional workshop or 
microfabrication methods where externally controlled tools are used to cut, mill, and 
shape materials into the desired shape and order. For example, the most common 
techniques are lithographic techniques (e.g., UV, electron or ion beam, scanning probe, 
optical near field),58–60 laser-beam processing,61 and mechanical techniques (e.g., 
machining, grinding, and polishing).62–65 “Bottom-up” approaches, on the other hand, 




useful conformation. The most common bottom-up approaches are a chemical synthesis, 
chemical vapor deposition, laser-induced assembly (i.e., laser tapping), self-assembly, 
colloidal aggregation, film deposition, and growth, 66–68etc. 
Hairy nanoparticles (HNPs) have achieved considerable attention due to their 
unique structures. HNPs with controlled particle size, chemical composition, and 
architecture are particularly suited for various advanced applications.69  Living anionic 
polymerization is a powerful tool for the construction of well-defined microphase 
separated polymeric structures.13  HNP’s can be synthesized by three different 
approaches – i) Grafting to approach, ii) grafting from and iii) coating approach.11 To 
distinguish HNPs from polymer-stabilized colloids (particles that can be dispersed in a 
solvent), star polymers (which lack well-defined interface between the core and corona), 
and polymeric core-shell particles (cross-linked outer shells), the following criteria must 
be met:69 
1. The nanoparticle core dimensions must range between 1 and 100 nm; 
2. The core must be either inorganic or organic macromolecular (rigid), with a well- 
defined interface between the core and corona; 
3. The core must have organic molecules covalently or ionically bonded to the 
surface (non-cross-linked). 
  Large and stable assemblies of HNPs can be held together in one of three ways; 
through van der Waals interactions on the outer surface of the corona, chemical 
interactions functional groups of the polymer chain ends, or through a physical 











1.2 Controlled polymerization Techniques for Hairy Nanoparticle synthesis 
Controlled Radical Polymerization techniques are preferred to traditional 
techniques for copolymerization.70 When this technique is used, the initiator generates 
radicals that combine with monomer molecules to form polymer chains. In Figure 1.2, the 




Figure 1.2.  Reversible chain transfer in the controlled free radical polymerization. 
The reaction of a radical polymer chain with a capping group eliminates the 
radical, temporarily stopping the polymerization. The removal of the capping group 
allows the propagation to continue.70 The lifetime of the growing radical is controlled, 




resulting in the synthesis of polymers with predetermined molecular weights, low 
polydispersity indexes (PDI), and functionality. When this approach is used, the structure 
of the polymer shell can be manipulated via changes in the grafting density and molar 
mass.70 
This type of polymerization can be achieved using techniques such as atom 
transfer radical polymerization (ATRP) and reversible addition fragmentation chain 
transfer (RAFT). 
1.2.1 Atom Transfer Radical Polymerization (ATRP) 
Atom transfer radical polymerization is an extension of the Kharasch addition 
reaction, which is also known as the atom transfer radical addition (ATRA). It’s a metal 
catalyzed polymerization that involves the reversible activation-deactivation reaction that 
occurs between the growing polymer chain, and the metal-ligand species.70 
The initiator in this synthetic method, either an ester or benzyl moiety, is activated 
in the presence of metals such as Cu, Ru, Fe, etc. while the solubility and activity of the 
metal is enhanced by its complexation with aliphatic or aromatic amines. This method is 
very tolerant of impurities and functional groups, so a number of monomers can be 







1.2.2 Reversible Addition-Fragmentation Chain Transfer (RAFT) 
 
RAFT polymerization is a reversible deactivation radical polymerization that 
makes use of chain transfer agents in the form of thiocarbonylithio compounds to control 
the molecular weight and polydispersity during a free-radical polymerization. 71 The 
mechanism for this synthetic method is shown in Schemes 1 (A – E). After initiation, the 
propagating radical (Pn·) is added to a dithiocarbonyl compound, followed by the 
selective fragmentation of the intermediate radical.71 
 
 
Scheme 1(A) Initiation and propagation steps of RAFT Polymerization.71 
 This results in a polymeric thiocarbonylthio compound and a new radical (R·). The 










The equilibrium between the active propagating radicals (Pn· and Pm·) and the 
dormant polymeric thiocarbonylthio compounds provides an equal probability for all 
chains to grow; allowing for the production of polymers with narrow polydispersities. 
 
 
                      Scheme 1(C) Reinitiating step for RAFT polymerization. 
  
 
Scheme 1(D) Chain equilibration and propagation steps for RAFT polymerization. 
 
                Scheme 1(E) Termination step for RAFT polymerization.71 
 
The use of RAFT polymerization affords a number of advantages compared to 
ATRP which include, (a) the ability to carry out the synthesis under a wide range of 
conditions (bulk, solution, suspension, emulsion), (b) the formation of polymers with 
narrow molecular weight distributions, (c) the applicability to wide range of functionality 




of the chains in the product polymer possessing the S=C(Z)S- group, the polymerization 
can be continued in the presence of a second monomer resulting in a block copolymer.71 
1.2.3 Cationic Polymerization 
 
A cationic polymerization is a form a chain-growth polymerization that occurs 
when a cationic initiator transfers charge to a monomer making it reactive. The reactive 
monomer species reacts in a similar manner with other monomers to form a polymer 
chain. The types of monomers used in cationic polymerizations are usually olefins with 
electron-donating substituents and heterocyclic compounds. This method can be used as a 
tool to bind polymeric chains on to nanoparticles with a controlled chain length and 
grafting density of the attached polymer brushes.72  
1.2.4 Anionic Polymerization method for synthesis of HNP 
 
Anionic polymerization is a type of chain growth polymerization that involves the 
polymerization of vinyl monomers containing strongly electronegative groups. This 
synthetic method occurs in three steps: chain initiation, chain propagation, and chain 
termination, with propagation occurring by the repeated attack of a carbanion on a 
monomer. Living polymerizations can occur in anionic polymerizations if there are no 
formal termination pathways, allowing for this technique to be used as a powerful tool for 
preparing well-defined architectures with control over structure and composition.73  
The use of anionic polymerization in the grafting of PDMS to polystyrene core 




Poly3 methyl-4 vinyl pyridine (P4VP)-synthesized by anionic polymerization have been 
studied for their helical structure, solubility in polar solvents and hydrogen bonding and 
complexing capability with chiral amino acids.74  
1.3 Helical polymers: 
Macromolecules exist in a variety of conformational forms. These range from 
randomly coiled chains to more spatially ordered structures. Of particular interest are 
those polymers which adopt helical geometry, either in solution or in the solid state. 
Helical geometry is a consequence of an orderly repetition of internal rotational angles 
along the polymer backbone and is commonly encountered among polymers of both 
natural and synthetic origin.75  As defined by Cahn, Ingold, and Prelog, a helix is 
characterized by a central axis(c-axis), a screw sense and a pitch. For a helical polymer, 
pitch(P), or the distance traveled along the c-axis corresponding to one full 360° turn, is 
related to n, the number of monomer units in each, and h, the monomer repeat height 
projected onto the c-axis, where N reside in m turns of the screw.75 Optically active 
helical polymers have aroused great interest for the past few decades. One of the reasons 
for this may be ascribed to the chiral nature of living systems. A number of naturally 
occurring macromolecules such as proteins, nucleic acids, and polysaccharides are 
optically active.76 Chirality is essential for these macromolecules to exert their 
sophisticated function in living systems in order to maintain life such as molecular 
recognition ability and catalytic activity, owing to their specific chiral structure as 




cellulose esters whose chirality comes from helicity also can be used for enantiomeric 
separations.78 
  The history of helical macromolecules is traced back to the finding of the 
conformation for some natural polymers. The helical structure of R-amylose was 
proposed by Hanes in 1937 and was extended by Freudenberg. Pauling proposed the R-
helical structure for natural polypeptides, and then Watson and Crick found the double-
helical structure for DNA in the early 1950s. These two findings were major 
breakthroughs in the field of molecular biology. In 1955, Natta found that stereoregular 
isotactic polypropylene has a helical structure in the solid state. This was the beginning of 
the field of synthetic helical macromolecules, leading to the wide variety of helical 
polymers available today. 
The most extensively studied class of macromolecules possessing helical order 
are the proteins and their synthetic analogues, the poly (α-amino acids). The α-helix, a 
right-handed helical structure with 3.6-3.7 residues per turn has long been recognized as 
an integral part of many proteins. First identified from X-ray diffraction studies by 
Pauling in 1951,78 the α-helix exists both in the solid state and in solution. The helix 
derives considerable stabilization from internal hydrogen bonding between ˗NH- and 
carbonyl groups positioned at regular intervals along the helical coil. For α-helices 
composed of the naturally occurring 1-amino acids, a right-handed screw sense is 
energetically favored arrangements of the poly (α-amino acid) backbone have also been 
experimentally observed.75 The helical order is also encountered among the nucleic acids. 




  A number of DNA polymorphs have been identified in the solid state depending 
upon the experimental conditions used to obtain fibers for X-ray diffraction studies.75 
Helicity is also common to the third class of biopolymers, the polysaccharides.  α-
Amylose units per turn.75 The helix is stabilized by hydrogen bonds which bridge the 
polymer’s hydroxyl groups. The helical cavity of α-amylose is large enough to easily 
accommodate a number of guest species, including water, iodine, benzene and a variety 
of aliphatic compounds. Other solid-state helical structures have also been identified.78  
In synthetic macromolecular chemistry, the most challenging tasks is to construct 
functional polymeric systems that will be effective in carrying out functional activities as 
those in living systems. The high functionalities of naturally occurring macromolecules 
such as proteins and genes arise from their precisely ordered stereostructures. In such 
systems, the helix is often found among the most fundamental structures of the polymer 
chain and plays important roles in realizing biological activities. On the other hand, the 
helix also attracts the particular interest of synthetic polymer scientists, because broad 
applications and characteristic features are expected for synthetic helical polymers. The 
potential applications include molecular recognition79 (separation, catalysis, sensory 
functions), a molecular scaffold function for controlled special alignment of functional 
groups or chromophores, and ordered molecular alignment in the solid phase such as that 
in liquid crystalline materials. 
1.4 Synthetic approaches of helical polymers 
Synthetic helical polymers can be classified into two types: static and dynamic 




active polymers possessing stable helical conformations (i.e., static helical polymers) and 
helical polymers adopting an alternating sequence of left- and right-handed helices 
separated by helical reversal (i.e., dynamic helical polymers). For later one 
predominantly one-handed helical conformation of dynamic helical polymers can be 
induced by covalently bonding the chiral residue at pendant or terminal ends. Notably, 
without any chiral stimulants covalently bonded to polymers, dynamic helical polymers 
are optically inactive.80 Nevertheless, through non-covalent interaction, achiral dynamic 
helical polymers with functional groups capable of interacting with optically active small 
molecules may adopt predominantly one-handed helical conformation through induced 
chirality.81 Most dynamic helical polymers have conjugated or peptide-based backbones 
so as the rigidity of the main chain for the formation of helical conformation and also the 
absorption of chromophores on the backbone for examination of induced circular 
dichroism (ICD). However, examples of polyolefins and vinyl polymers with induced 
chirality are rare.82 It is well known that most of the vinyl polymers even with 
stereoregularity possessing a mirror plane are not optically active.  
A helical polymer of isotactic poly(3-methyl-1-pentene) has been synthesized and 
demonstrated to give excess helicity in a solution state. However, helical polyolefins, 
such as poly(3-methyl-1-pentene), are totally dynamic and consist of many helical 
reversals resulting in random-coil-like conformation.82 To stabilize the helical 
conformation in solution, an optically active helical vinyl polymer, poly (triphenylmethyl 
methacrylate) (PTrMA), has been synthesized. The helical PTrMA was prepared by 
helix-sense-selective polymerization so as to result in fully isotactic stereoregularity 




different approaches to create vinyl polymers with predominantly one-handed helical 
conformation have been extensively examined, induced chirality on vinyl polymers 
remains limited and challenging.82 Sannigrahi et al induced chirality of a vinyl polymer, 
poly (3-methyl-4-vinyl pyridine), has been achieved by using chiral amino acid through 
complexation.83 According to that study, helicity can be induced a substituent at the 
ortho-position of an aromatic ring is critical to the formation of helical conformation for 
polystyrene derivative polymers.83 
In contrast to their natural analogues, most synthetically derived macromolecules 
lack the secondary bonding forces which stabilize helical order in solution. For these 
polymers, helicity is generally reserved for the solid state where crystalline packing 
forces dictate conformational geometry. Because extended helices can be easily 
incorporated into a regular crystalline lattice, a helical arrangement of the polymer 
backbone is highly favored in the solid state. Indeed, the helix is the most common 
systematic, ordered structure encountered among the synthetic, crystalline polymers.84 
Linear polyethylene, formaldehyde, thioformadelhyde, isotactic vinyl polymers of the 
form ˗(CH₂-CHX) n¯ also possess solid state helical order as do polypropylene, 
polystyrene, poly (vinyl methyl ether), poly (1-hexene) and poly (vinyl cyclohexane).85 
There are many examples of synthetic macromolecules that have well-defined 
helical or secondary structures most of it’s are synthesized by living anionic 
polymerization technique. The bulky tri phenyl methacrylates, which have been 
polymerized by chiral anionic initiation to obtain predominantly one-handed optically 




(diphenyl-2-pyridyl methyl methacrylate) (PD2PMA).86 These helical polymers are 
predominantly isotactic, and the stable helical conformation is maintained because the 
bulky side groups do not readily permit helix-to-helix interconversion. Other examples of 
optically active helical polymers include poly (isocyanates), poly (N,N’-disubstituted 
acrylamide) and poly (choral). A number of interesting papers have reported on synthetic 
β-peptides with stable secondary helical structure or helical conformation.87 The 
secondary helical structure of these β- peptides arises from the intramolecular hydrogen 
bonding, whereas the optically active helical isotactic poly (bulky methacrylates) adopt 
the helical conformation because of steric reasons; i.e., the lowest energy conformation is 
the helix.87 
It is only recently known that the synthesis of optically active helical polymers in 
which activity arises from macromolecular asymmetry, i.e., a preferred or exclusive 
helical screw sense has been reported. Because of polymers of this type lack main chain 
or side asymmetric carbon atoms, right and left helical screws are energetically 
equivalent, and therefore, equally probable during the course of polymerization with 
simple initiators. However, a predominance of one helical screw direction can be 
obtained in one of two ways, (1) through a complete or partial resolution of a helical 
screw pair with the aid of a chiral substrate, or (2) through the use of chiral initiating 
species which preferentially induce the formation of one helical screw sense over the 
other. Lisandra et al reported the method for preparation of synthetic optically active 
helical poly (3-methyl-4-vinyl pyridine) by the chiral anionic initiator which confirms 




Presently, a limited number of optically active helical polymers have been 
prepared via these two routes. These include the polymers of trichloroacetaldehyde 
(chloral), triphenylmethyl methacrylate and the isocyanides.87Different optically active 
polymers have been utilized for chiral catalysts and adsorbents; most of these, however, 
are not the polymers prepared through asymmetric polymerization but chemically 
modified naturally occurring polymers and synthetic polymers derived from optically 
active monomers. The exceptions are one-handed helical polymers, especially 
polymethacrylates; they are used and commercialized as a chiral stationary phase in high-
performance liquid chromatography(HPLC).88 
  Synthetic optically active polymers with a helical structure have been synthesized 
from several types of monomers. Such polymers may be prepared from other monomers 
by considering the special requirement for a specific conformation. The helical polymers 
have been effectively applied as the chiral HPLC stationary phase89, this is the most 
successful application of the polymers prepared by asymmetric polymerization until now 
The helical polymers may possibly be utilized for other purposes such as asymmetric 
polymer catalysts90 and polymer liquid crystals, as a drug delivery vehicle and as chiral 
sensors in which the specific chiral structure of the polymers may play a vital role. 
Some helical polymethacrylates exhibit excellent chiral recognition ability toward 
racemates when used as a chiral packing for HPLC.88 One-handed helical polymers have 
been synthesized also from other types of achiral monomers including acrylates, 
acrylamides, choral, isocyanides, and isocyanates. However, helix-sense-selective 
polymerization is possible only by anionic91 and transition metal-mediated mechanisms 




to those having only functional groups which would not inhibit polymerization reaction.73 
Okamoto reported the anionic polymerization of N, N’- disubstituted acrylamides to yield 
crystalline polymers, the tacticity of the obtained polymers is isotactic. It has also been 
reported that N, N’-disubstituted acrylamides bearing bulky substituents such as N,N’-
diphenyl acrylamide (DPAA) afford optically active polymers in the anionic 
polymerization with chiral initiators.92 Besides, novel materials for chiral recognition and 
separation can also be prepared based on a helicity-controllable polymeric system. Maeda 
et al. designed and prepared a stationary phase by a polyacetylene with 2,2’-bisphenol 
derived side chains. Distinct interactions between R/S-phenyl ethanol and the polymer 
side chains induced the original racemic helical stationary phase into P-helix or M-helix 
for right- and left-handed helical growing radicals.93 This can be interpreted as helix-
sense-selective inhibition of propagation. A similar concept has been proposed for helical 
polyisocyanide synthesis mediated by transition metal catalysis. On the basis of this 
mechanism, the THF-insoluble polymer having higher molecular weight might have a 
greater excess of single-handed helicity than the benzene-hexane insoluble polymer is 
currently unknown.94 The sense of helix in the copolymer was known to be sensitive to 
the content of the optically active monomeric unit: more sporadically and more 
successively incorporated optically active monomeric units induced the opposite sense of 
helix.  
The methods of helix-sense-selective free radical polymerization are considered 
to be applicable to the wide range of PDBSMA derivatives and related bulky monomers 
having the functional groups which kill anionic species.95 However, higher helix-sense-




 It has been demonstrated that poly (phenylmethyl acrylate) may be synthesized in the 
same manner as PTrMA, i.e., living anionic polymerization. The results showed optical 
rotation and isotacticity([α]25365=+102° and m=0.70), and the CD spectrum shows 
positive peaks at 210 and 230 nm, which may be ascribed to the adsorption due to the 
aromatic and carbonyl groups, respectively.79 This spectral pattern is quite similar to that 
of the one-handed helical, optically active PTrMA. This suggests that the optical activity 
of the PTrA may be attributed to a partially one-handed helical structure of the polymer 
chain. The degree of one-handedness must be lower than that of a the PTrMA judging 
from the smaller optical activity and isotacticity of the polymer. Poly(TrA)s obtained in 
the asymmetric anionic polymerization using chiral complexes are optically active mainly 
due to the conformation. The isotactic part of the polymer probably has the helical 
conformation which induces dextrorotation. Polyacrylates and polymethacrylates bearing 
bulky ester group appear to have stable helical conformations.96  
In proteins, helical rigidly acts to stabilize the three-dimensions structure. 
Synthetic helical polymers (e.g., polyisocyanates, poly (tritylmethacrylates, and 
polychoral) can be prepared by polymerization reactions using chiral initiators. In these 
synthetic systems, helix-coil transitions are not seen. Their helical structures are not 
stabilized by H-bonds as in the natural polymers. Polyisocyanates prepared from chiral 
monomers play a special role in this context, because of the fact that a reversible shift of 
the equilibrium between P and M helices can be induced, e.g., by a temperature change in 
aprotic solvents. Since the polyisocyanate backbone has no chiral center, these polymers, 
prepared from achiral monomers, exist as a racemic mixture of P (right handed) M (left 




the high cooperativity within the helical polymer chains, small amounts (about 0.1 mol 
%) of chiral side groups in copolymers are sufficient to favor one twist sense in these so-
called “Sergeants and soldiers” copolymers. (P and M helices become diastereomers in 
the presence of the chiral side groups).98  
The induced chiral conformation of the polymer backbone can be detected 
directly by CD measurements in the absorption in the range of the polymer backbone 
(280 to <200nm). The equilibrium between P- and M- helical polyisocyanate segments 
have been varied to determine the chiro optical properties of these polymers by the 
reversible photoisomerization of chiral azobenzene to perform this task, this 
photochemical switch with the –a prior racemic- polymer backbone was combined in 
such a way that the chiral induction from the chiral center (the primary source of chiral 
information) to the polymer helices should be very different for both photochemical 
isomers.98 Such materials are interesting for optical data storage.  Principally, this is 
possible in two ways using the photochemically induced variation of the interaction of 
chiral side groups and the helical main chain. In one case this may lead to a shift of the 
equilibrium between P and M helices. Alternatively, changes in the cotton effects of the 
azo chromophores can lead to strong changes in the optical rotation. This method of 
obtaining optically active polymers is inconvenient because it requires expensive chiral 
starting material.  
There is another method by which controlling of the polymer conformation by 
using chiral catalyst, where the sense of the helix is under kinetic control.87 In this way, 
optically active polymers can be prepared from optically inactive monomers.  Bruce 




catalyst systems which are based on both titanium (Ti IV) and copper (II) complexes (Cu 
II) complexes are a potential chiral catalyst for small molecule asymmetric synthesis. 
They reported their use in both helix-sense selective and stereoelective polymerizations.99 
Optically active polyguanidines were prepared from achiral carbodiimides using 
copper complexes equipped with chiral bisoxazoline ligands.100 Cu(OMe)CI is a more 
efficient catalyst than the corresponding CuCI2 derivatives, resulting in faster 
polymerizations and yielding polymers with higher optical rotations. The Cu(OMe)CI-
complex showed preferential solubility in the (R)-monomer versus the (S)-monomer. 
Polymerizations were twice as fast for the (R)-monomer. The racemic mixture of 
carbodiimide were polymerized with the chiral Cu(OMe)CI-II catalyst to yield polymers 
with an enantiomeric excess of one helix-sense.87 
1.5 Importance of chirality at molecular and supramolecular level 
 
Chirality represents an important biochemical signature of life, which exists 
widely in nature and plays fundamental but critical roles in the bioactivities of 
biomolecules and a wide diversity of biochemical reactions. At the molecular level, the 
basic building blocks of biomacromolecules and organisms are homochiral small 
molecules, such as L-amino acids (except glycine), D-saccharides, and L-phospholipids. 
The chiral signals of these small molecules are usually very weak, hence, rendering them 
difficult to be directly associated with physiological functions of biomacromolecules and 
organisms.97 Chirality is a critical factor in living systems, since living organisms consist 
of a variety of optically active small molecules and macromolecules, which play 




particular, chiral drugs, often show quite different biological activities. Hence, the 
detection and assignment of the chirality of molecules at molecular and supramolecular 
levels have recently become significantly important. Table 1 shows some examples of 
chiral drugs and their pharmacological effects.101 To this end, a number of synthetic 
receptor molecules, supramolecules, and π-conjugated polymers have been designed and 
synthesized. Among them, chromophoric dynamic helical polymers, such as 
poly(phenylacetylene)s with functional pendant groups, are particularly interesting and 
potent because the polymers can respond to the chirality of biologically important chiral 
molecules via noncovalent bonding interactions.102  
Table 1. Different Chiral Drugs with Their Pharmacological Effect 
Chiral drugs Bioactivity 
Albuterol/Salbutamol 
D-isomer may provoke airway constriction, 
L-isomer avoids side effects 
Ethambutol 
The (S,  S)-form of ethambutol is anti- tuberculostatic agent, 
the (R, R)-form causes optical neuritis that can lead to blindness 
Levodopa 
The levodopa (L-dopa) is used for Parkinson’s disease, 
the D-form causes serious side effects, such as granulocytopenia 
Penicillamine 
The (S)-enantiomer has antiarthritic activity, 
the (R)-form is extremely toxic 
Propanolol 
Racemic compound is used as drug, however, 
only the (S)- isomer has the desired b-adrenergic blocking activity 
Propoxyphene L-isomer is antitussive (cough), D-isomer is analgesic (pain) 
Thalidomide 
The (S)-isomer has the desired antinausea effects, the (R)-form is teratogenic 
and causes fetal abnormalities, such as severely underdeveloped limbs  
 
 
Most importantly, the chirality is transferred to the polymer main chains with a 




handed helical conformation, thus producing an induced circular dichroism (ICD) in the 
absorption regions of the polymer backbones.103 Such polymers can be regarded as a 
typical chirality-responsive polymer and provide the basis to construct a novel chirality-
sensing system to determine the absolute configuration and enantiomeric excess (ee) of 
the guest molecules. 
 Through a bottom-up approach, this molecular chirality can be translated and amplified 
into supramolecular helical handedness (e.g., secondary alpha-helix structures of peptides 
and proteins), which is of great importance since it is closely related to molecular 
recognition, catalytic activity and gene replication in living systems.97 The helical 
superstructures are the central structural motifs in living systems, and also ubiquitous in 
many artificial materials. As a typical example, a DNA molecule, which carries most of 
the information in the construction, functioning, and reproduction of all living systems, 
exhibits an exquisite double helix structure and plays essential roles in gene expression 
Interestingly, the helical sense of these macromolecules is not invariable, actually, they 
exhibit conformational flexibility under certain biological environment in vivo since the 
driven forces for constructing these helical structures are based on weak interactions 
(e.g., hydrogen bonding, electrostatic, van der Waals forces). 
Moreover, living systems utilize a series of complex and elusive helical inversion 
events of biomacromolecules (e.g., DNA or proteins) to perform various physiological 
processes, thus achieving numerous specific bio-functions.97 Inspired by these highly 
sophisticated biological helices and corresponding helical chirality inversion events, a big 
challenge and a new direction for chemical and material science, is now how to design 




systems, and develop chiral functional devices as well as promote their applications in 
biochemistry and nanotechnology fields. In this aspect, stimuli-responsive molecular or 
polymeric systems provide good solutions for this challenge, in which helical senses 
could be inverted or induced reversibly and irreversibly under the control of external 
stimuli, such as solvent, light irradiation, ion, temperature, pH and others and external 
chiral entity. Chemists and materials scientists have innovatively designed and developed 
high-performance systems and materials with tunable helical handedness on receiving 
external stimuli. On the one hand, compared with single molecular conformational 
modulation, these systems can offer dramatic conformational changes, which provide 
good candidates to transform external stimuli into the macroscopic properties of 
materials. On the other hand, these systems can experience accurate right- and left-
handed helical induction in response to external stimuli, which serve as excellent 
candidates to explore the role of helical chirality in complex biological and chemical 
processes, and mimic natural systems. Taking advantages of dramatic and mirrored 
switching in the stimuli-responsive systems, various chiral devices have been developed 
and find plenty of useful applications in drug delivery, asymmetric catalysis, molecular 
motors, responsive liquid crystal (LC) materials, and other related areas. 
The introduction of stimuli-responsive groups into the side or main chains of 
helical polymer systems helps to induce helical senses by external stimuli, such as 
solvent, light irradiation, ion, temperature, and pH.97 Responsive polymers with external 
physical, chemical, and electrical stimuli, resulting in a drastic change in their structure, 
shape, morphology, or function, have been extensively developed over the past decades, 




intelligent materials in analytical and biomedical fields as well as in nanotechnology. To 
date, a significant number of stimuli-responsive polymers being sensitive to light, 
temperature, pH, solvent, electric and magnetic fields, and guest concentrations have 
been synthesized but quite limited examples of responsive polymers that exhibit a change 
in morphology or conformation in response to chiral stimuli are available.97  
Chiral amplification that requires cooperativity during the transfer of chiral 
information from nonracemic guest molecules to the helical system is essential for 
developing a highly efficient chirality-responsive polymer.104 On the basis of this 
concept, the rational design of chirality-responsive polymers and oligomers (foldamers) 
can be possible using chromophoric helical backbones with a dynamic characteristic, 
combined with functional groups or a suitable cylindrical cavity for the target chiral guest 
molecules. With implications for biological helices and functions, further applications of 
chirality-responsive polymers to novel chiral materials as enantioselective catalysts and 
adsorbents will be an interesting and important challenge. Predominantly one-handed 
helical conformation of dynamic helical polymers can be induced by covalently bonding 
the chiral residue at pendant or terminal ends. Notably, without any chiral stimulants 
covalently bonded to polymers, dynamic helical polymers are optically inactive. 
Nevertheless, through non-covalent interaction, achiral dynamic helical polymers with 
functional groups capable of interacting with optically active small molecules may adopt 
predominantly one-handed helical conformation through induced chirality.  
Most dynamic helical polymers have conjugated or peptide-based backbones in 
order to give the rigidity to the main chain for the formation of helical conformation. 




circular dichroism (ICD).105 However, examples of polyolefins and vinyl polymers with 
induced chirality are rare. It is well known that most of the vinyl polymers even with 
stereoregularity possessing a mirror plane are not optically active. A helical polymer of 
isotactic poly(3-methyl-1-pentene) has been synthesized and demonstrated to give excess 
helicity in solution state. However, helical polyolefins, such as poly(3-methyl-1-pentene), 
are totally dynamic and consist of many helical reversals resulting in random-coil-like 
conformation. To stabilize the helical conformation in solution, an optically active helical 
vinyl polymer, poly (triphenylmethyl methacrylate) (PTrMA), has been synthesized. The 
helical PTrMA was prepared by helix-sense-selective polymerization so as to result in 
fully isotactic stereoregularity giving stable one-handed helical conformation due to 
bulky vinyl substitutes. Lung-Chi Chen et al showed that how tacticity of polymer chain 







Figure 1.3.  CD spectra of iP2VP, aP2VP, and sP2VP complexing with MA in 
chloroform dilute solution.80 
There is an increasing synthetic interest in both molecular and supramolecular 
helical structures. Generally, asymmetric synthesis and chiral resolution are the two 
methods available for preparing enantiomerically pure substances. Compared with the 




with low overall yields. Although the technologies for chiral resolution have their own 
difficulties, due to the similar physical and chemical qualities of most pairs of 
enantiomers, they are effective for the resolution of racemates on both the large-scale 
production of optically pure substances is urgently needed for scientific community and 
industrial preparations of pharmaceuticals, agrochemicals, fragrances, and foods. Current 
resolution techniques, including crystallization, kinetic resolution, and chromatographic 
separation can be expensive or inefficient, which can hinder their industrial application. 
The exceptions which being supercritical fluid chromatography and simulated moving 
bed chromatography recently have presented promising potentials. Membrane-based 
enantioseparation techniques have attracted a great deal of attention for industrial 
application because they are easy to scale-up, save energy, can be continuously operated, 
and are efficient. 
Inspired by these highly sophisticated biological helices and corresponding helical 
chirality inversion events, a big challenge and a new direction for chemical and material 
science, is now how to design artificial systems with controllable helical sense and 
further use them to mimic natural systems and develop chiral functional devices as well 
as promote their applications in biochemistry and nanotechnology fields. In this aspect, 
stimuli-responsive molecular or polymeric systems provide good solutions for this 
challenge, in which helical senses could be induced reversibly or irreversibly under the 
control of external stimuli, such as solvent, light irradiation, ion, temperature, pH and 
other chemists and materials scientists have innovatively designed and developed high-
performance systems and materials with tunable helical handedness on receiving external 




systems, various chiral devices have been developed and find plenty of useful 
applications in drug delivery, asymmetric catalysis, molecular motors, responsive liquid 
crystal (LC) materials, and other related areas. 
In summary, we can say that by taking advantage of the ICD behavior, it is 
possible to create hierarchical helical superstructures and helical phases by using 
stereoregular vinyl polymeric nanoparticles with the ICD for self-assembly so as to 
develop novel materials with controllable optical activity which find application in chiral 
resolution. Proteins in biological systems adopt a single-handed helical architecture due 
to the influence of enantiopure stereocenters on the L-amino acid residues.  Combined 
with hydrogen bonding, these stereocenters trigger multiple tiers of hierarchical chiral 
self-assembly. Today, a variety of synthetic polymer analogs are known to be capable of 
adopting an excess helical sense. Just like natural polymers, the ability for these 
backbones to twist into a preferred helical direction relies heavily on an internal or 
external influence of excess chirality. The amplification of chirality from configurational 
stereocenters into the conformationally chiral helical structure presents an opportunistic 
playground to develop stimuli-responsive polymers. This behavior can be harnessed to 
create biomimetic materials that perform some of the advanced functions found in nature; 
including molecular recognition, chiral sensing, asymmetric catalysis, and enhanced 





1.6 Self- Assembly of nanoparticles/nanomaterials to form functional materials 
The ability to program synthetic polymers with the correct information to self-
assemble, recognize analytes, or provide biological function seems fairly futuristic. 
However, the close interplay between chemical composition and physical interactions 
makes this a possibility; new synthetic approaches involving controlled living 
polymerizations and biological synthetic pathways allow control of molecular 
composition. Chen et al. reported core-shell nanoparticles were synthesized by grafting a 
poly (acrylate amide) shell onto a cross-linked polystyrene nanoparticle (NP) via atom 
transfer radical polymerization (ATRP) self-assemble into self-healing materials in which 
the dynamic hydrogen-bonding shell confers self-healing properties while the hard, cross-
linked core provides stiffness.103  
Arias et al reported that the interaction of a highly dynamic poly(arylacetylene) 
with Li+, Na+, and Ag+ leads to macro-scopically chiral supramolecular nanospheres, 
nanotubes, toroids, and gels. With Ag+, nanospheres with M helicity and tunable sizes 
are generated. With Li+ or Na+, the same polymer yields chiral nanotubes, gels, or 
toroids with encapsulating properties and M helicity. Right-handed supramolecular 
structures can be obtained by using the enantiomeric polymer. The interaction of poly 
(aryl acetylene) with Na+ produces nanostructures whose helicity is highly dependent on 
the solvation state of the cation. Therefore, structures with either of the two helicities can 







2.1 Apparatus  
 All synthetic manipulations were conducted with standard all-glass high-vacuum 
techniques. All reagents used were stringently purified. 
2.1.1 Vacuum Line 
   
 
Figure 2.1.  Vacuum Line. 
 
Figure 2.1 shows the schematic of the vacuum line used to provide the vacuum 
environment for the polymerization reactions. The vacuum source consisted of a 
mechanical pump. A low-temperature liquid nitrogen trap was in line to prevent reaction 





line via three-way stopcocks. Generally, the vacuum pressure provided by the system was 
approximately 10-4 torr.  
 
2.1.2 Apparatus for the Polymerization 
Anionic polymerization was performed in a 250 ml round bottomed flask as 




Figure 2.2.  HNP synthesis by living Anionic polymerization. a) After addition of 










the cross-linker divinylbenzene mixture (10:1) and dry distilled THF, were fused on the 
flask. n-Butyllithium was injected in through the fourth side arm. The assembled 
apparatus was attached to the vacuum line through the joint. 3,4-Lutidine (Sigma-
Aldrich) was used as received. 
2.2 Reagents 
Styrene (Aldrich) dried over calcium hydride then vacuum distillation was done 
prior polymerization, Divinylbenzene(Aldrich) dried over calcium hydride then vacuum 
distillation was done prior to polymerization , 2-Methoxy Styrene (Aldrich) dried over 
calcium hydride then vacuum distillation was done prior to polymerization, Butyl 
catechol (Aldrich, 97%,) was used as received, n-Butyllithium (Aldrich, 2.0M and 11.0M 
solution in hexane) was used as received without further purification, Calcium Hydride 
(CaH2) (Aldrich, 40 mesh, 95%) was used as received, Chloroform (Aldrich, 99.8%, 
A.C.S. Reagent) was used as received, Chloromethyl methyl ether (CICH2OCH3) 
(Aldrich, FW 80. 51) was used as received, Diethyl ether (Aldrich, Anhydrous, 99+%) 
was dried by refluxing over CaH2 just before use, Potassium bicarbonate (ACS reagent, 
99.7%, powder) was used as received, (R)- Leucine (Aldrich, F.W. 152.15, m. p. 131 -
133o C) was used as received, (S)-Leucine (Aldrich, F.W.152 .15, m. p. 131-134o) was 
used as received, (R)- Mandelic Acid (Aldrich, F.W. 152.15, m. p. 131 -133o C) was used 
as received, (S)-Mandelic Acid (Aldrich, F.W.152 .15, m. p. 131-134o) was used as 
received, R-Alanine (Aldrich, F.W. 89.09), S-Alanine(Aldrich), Methanol (Aldrich, 99%, 




was used as received, 2-Propanol (Fisher, histological grade, F.W. 60.10, m p -89.5o C, b 
p 82.4o, n20 D 1.3770, d 0.785 g/ml, f p 53oF (11oC)) was used as received, 
Tetrahydrofuran (THF) (Fisher certified, F.W. 72.11, b. p. 65.8-66.1oC, d 0.885 g/ml was 
refluxed and distilled from sodium and benzophenone just before use, benzene is  used as 
received. 
2.3 Procedures 
2.3.1 Procedure for the Synthesis of 3-methyl-4-vinyl pyridine 
4-methoxyethyl-3-methylpyridine: THF (300 ml) was placed into a three-necked 
500 ml flask, maintained under dry nitrogen. To the flask containing THF 15.7 ml of 3,4-
lutidine (15g, 0.14 mol) was added and the solution was cooled to -78o C and 12.75 ml of 
n-BuLi (11.0 M, 0.15 mol) was added. The solution turned dark orange and was stirred at 
-78oC for 15 minutes. The carbanion was terminated with excess chloromethyl methyl 
ether (14.5 ml or 0.20 mol). To the reaction mixture, 500 ml of 50:50 ethyl ether/pentane 
mixture was added, and the solution was extracted three times with 375 ml of deionized 
water. The solution was dried over KCO3. After concentrating the ethyl ether/pentane 
solution, 4-methoxyethyl-3-methylpyridine was obtained by flash chromatography on a 
column of basic alumina with 90:5:5 hexanes: THF:CH3OH as an eluent. Distillation 
gave the pure 4-methoxyethyl-3-methylpyridine in 75% yield.  
3-methyl -4-vinyl pyridine:   To a chilled (-78oC) THF solution (385 ml), 
containing 4-methoxyethyl-3-methylpyridine (11.25 g), potassium tertbutoxide (13.35 g, 
0.119 mol) was added in one portion. The cooling bath was removed, and the mixture 




(0.5 g) was added as a polymerization inhibitor. The mixture was diluted with diethyl 
ether (400ml) and extracted (3x150 ml with deionized water. The solution was dried over 
KCO3 and purified by flash chromatography on a column of basic alumina with 90:5:5 
hexanes: THF: CH3OH as the eluent. Removed from the solvent under reduced pressure 
gave pure 3-methyl-4-vinyl pyridine. [9.75g (65%)] as a clear oil:1H NMR (CDC13): 
8.30 (s). 8.28(d), 7.20(d), 6.80(m), 5.75(d), 5.40(d), 2.20(s). 
2.3.2 Homopolymerization of 3-methyl 4-vinylpyridine  
1 ml (8.1 x 10-3 moles, 2.0 M) Sec-BuLi was added to the reaction vessel. The 
purified THF was then transferred from the solvent flask to the reaction vessel by 
magnetic hammaer. Then 3M4VP (0.5 g, 0.0042 mol) monomer was added to the 
initiator at -78oC. The reaction was stirred for 2 hr and terminated with approximately 1 
ml of purified methanol. The purified polymer yield was 72%. 
2.3.3 Homopolymerization of 2-methoxy styrene 
1ml (8.1 x 10-3 moles, 2.0 M) Sec-BuLi was added to the reaction vessel. The 
purified THF was then transferred from the solvent reservoir to the reaction vessel by a 
magnetic hammer. Then 2MS (0.5 g, 0.004 mol) monomer was added to the initiator at -
78oC. The reaction was stirred for 2 hr and terminated with approximately 1 ml of 
methanol. The purified polymer yield was 95%. 
2.3.4 Synthesis of HNPs 
   
A series of HNPs were synthesized by the living anionic polymerization 
technique. All reagents used were stringently purified. All synthetic manipulations were 




copolymerization was performed in a glass reactor equipped with magnetic stirrer 
connected with septum inlet. The break-sealed ampules containing the mixture of 
monomer and cross-linker, 3M4VP/2MS and dried degassed THF were connected in 
advance to the reactor. After that, the reactor was sealed by flame to separate from the 
vacuum line. The break seal with the mixture of styrene (1.50 g) and divinylbenzene 
(0.22 g) was broken to add the mixture to the reactor. sec-BuLi(2M) of in cyclohexane 
was rapidly added into the reactor at -78 oC under vigorous stirring. The color of the 
reaction mixture immediately becoming red indicated the occurrence of polymerization. 
The first-step polymerization was carried out at -78 o C for 1.5 hr. 3 ml of the resulting 
polymerization mixture was withdrawn from the reactor and terminated by methanol. The 
break seal with 1.80 g of 3M4VP/ 1gm of 2MS was then crushed. The red color initially 
became orange, then finally became dark orange. The second polymerization was 
conducted at -78 C0 temperature for 6 hr. 2ml of pure methanol was added to terminate 
the entire copolymerization. The hairy nanoparticles were obtained by precipitation of the 
reaction mixture into diethyl ether -water mixture and methanol respectively and further 
dried at 50 oC under vacuum to give 1.35 g of hairy nanoparticles(HNP-1) with P3M4VP 
brushes and 1.76 gm of hairy nanoparticles(HNP-2) with P2MS brushes respectively. 
  
2.4 Characterization of P3M4VP, P2MS and HNPs 
2.4.1 1H and 13C Nuclear Magnetic Resonance (NMR) 
1H NMR and 13C NMR spectra were recorded on a Bruker ARX 500 and 400 
MHz spectrometers in CDC13, deuterated acetic acid. Tetramethylsilane (TMS) was used 




2.4.2 Dynamic Light Scattering 
  
The particle size determination was performed on a Wyatt Dynamic Light 
scattering instrument. THF and chloroform and benzene were used as solvents to measure 
the hydrodynamic radius of the polymeric HNPs. In all of the DLS analyses, three 
measurements were performed, and the values were then averaged. 
2.4.3 Differential Scanning Calorimetry  
DSC measurements of the HNPs and the homopolymers were obtained using TA 
Instruments DSC Q 2000 series analysis system. DSC data were collected by weighing 5 
to 7 mg of sample into aluminum pans which were then hermetically sealed. The glass 
transition temperatures were then obtained by following each cure cycle with a heating 
ramp at 20 °C/min, a cooling ramp, and another heating step at 20 °C/min. The glass 
transition temperature was determined by finding the temperature at a half height 
between the onset and end of the transition using the TA universal Analysis software.  
2.4.4 Circular Dichroism 
The optically inactive or racemic mix of HNP-1 with helical P3M4VP (5mg) was 
complexed with (R) and (S) Leucine, Alanin and mandelic acid 1:1.5 amino/mandelic 
acid/P3M4VP monomer repeat unit ratios in methanol-water (50:50). The mixtures were 
stirred for 1hr and CD measurements were carried out using a JASCO-J 720 
spectropolarimeter. The concentrations used for the measurements were 1% solution. 
2.5 Characterization morphology of self- assembled materials 
2.5.1 Scanning Electron Micrograph (SEM) 
The morphology of the synthesized HNPs and self- assembled suprastructures has 




either drop casting or spin coating of the 1% polymer solution using benzene, methanol-
water mixture. Prior to SEM analysis, the samples (core particles and hairy nanoparticles) 
were prepared either by drop-casting or spin casting a dilute particle solution in THF on a 
silicon wafer followed by air-drying and coated with gold via direct sputtering using a 
Technics Hummer Sputter Coater.  
2.5.2 Atomic Force Microscopy (AFM)  
Atomic Force Microscopy (AFM) height images were obtained using a Bruker 
AFM instrument in either scan assist or tapping mode. The samples were prepared either 
by drop-casting or spin casting of 1% particle solution in benzene, methanol-water 






RESULTS AND DISCUSSION 
3.1 3-methyl 4- vinyl pyridine monomer 
The monomer, 3-methyl 4-vinyl pyridine (3M4VP) was synthesized in two steps. 
The first involved the synthesis of 4-(methoxyethyl)-3-methyl pyridine. The reaction was 
carried under nitrogen and the yield was 75% according to Scheme 2.  
 
Scheme 2   Synthesis of 3-methyl 4- vinylpyridine. 
The second step involved the synthesis of the monomer 3M4VP. It is important to 




according to Scheme 2. The low yield of the monomer can be attributed to either solvent 
extraction or column purification process. The synthesized monomer may be soluble in 
both the solvent during the extraction procedure or didn’t come out from the column at 
all. In both the cases, we need to find out better solvent to improve the yield of the 
monomer.   The 500 MHz 1H NMR spectrum of, 4-(methoxyethyl)-3-methylpyridine and 
3-methyl-4-vinylpyridine are shown in Figure 3.1 and 3.2 respectively. The spectra show 
peaks at 8.32(s), 7.0(d), 3.58(s), 3.33(s), 2.85(s), 2.27(s) ppm and 8.38 (s), 7.20 (d), 6.80 
(m), 5.75 (d), 5.40 (d), 2.29 (s)ppm. NMR spectra are consistent with the structure 4-
(methoxyethyl)-3-methylpyridine and 3-methyl 4-vinyl pyridine. The 1HNMR of 
intermediate confirms that there was no isomer of the monomer present after the final 
step of monomer synthesis. 
3.2 Poly (3-methyl 4-vinyl pyridine) 
  Poly (3-methyl 4-vinylpyridine) was synthesized using sec-butyl lithium as an 
initiator. The 500 MHz NMR spectra of poly 3-methyl 4-vinylpyridine are shown in 
Figure 3.3 which corresponds to the previous data published in this polymer. The 
1HNMR spectrum was obtained using deuterated acetic acid as a solvent since it is rigid 
polymer and insoluble in most of the solvents. The broad peak at around 8.3 is a 
characteristic peak of poly 4-vinylpyridine and another broad peak around 2.3 came from 
3-methyi group of the pyridine ring. The 1HNMR confirms the successful polymerization 


























3.3 Hairy Nanoparticle-1 (HNP-1)  
Hairy nanoparticles (HNP-1) were synthesized from the sequential polymerization 
of two monomers by living anionic polymerization technique shown in Scheme 3. The 
reaction temperature was kept -78˚C throughout the synthesis procedure to prevent any 
















Table 2. Polymerization Condition of HNP-1 
 
In Table 2 the polymerization conditions for HNP-1 using anionic initiator are 
listed (Scheme 3). The different molar ratio of initiator to monomer was used to control 
the particle size. Molar content of 3-methyl 4-vinylpyridine was calculated from the 
NMR spectra. The 1H NMR and 13CNMR spectra of HNP are provided in Figures 3.5 and 
3.6, respectively. The structure of the polymeric nanoparticles composition is consistent 
with the spectral information. The polymer particles were precipitated into cold diethyl 
ether and yield of the purified polymeric HNPs was approximately 85%. HNP is a white 
powder with an observed Tg corresponds to the polymer composition. 
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Direct analysis by 1H NMR of the polymeric reaction mixture upon termination 
by methanol indicated the absence of any residual monomer; i.e., most of the monomer 
under these conditions is converted to polymer. The 85% yield of the purified polymer is 
a result of the precipitation process used; solvent mixtures were quickly poured out 
before all the polymer particles have settled to the bottom of the beaker. Since the HNPs 
have dynamic helical hairs we didn’t consider the strategy to minimize helix-to helix 
interconversion during the purification process.  
3.4 Poly (2-methoxystyrene) 
n-Butyllithium was used to synthesize the poly(2-methoxystyrene) and the 400 
MHz 1H NMR spectrum is shown in Figure 3.7. Broad peak around 3.40ppm confirms 
























3.5 Hairy Nanoparticle -2 (HNP-2) 
Another Hairy nanoparticle (HNP-2) was synthesized from the sequential 
polymerization of two monomers styrene and 2-methoxystyrene by living anionic 
polymerization technique following scheme-4. The reaction temperature of the reaction 












Table 3. Polymerization Condition of HNP-2 
 
Molar content of 2-methoxystyrene was calculated from the NMR spectra. The 1H 
NMR and 13CNMR spectra of HNP-2 are provided in Figures 3.8 and 3.9, respectively. 
The structure of the polymeric nanoparticles composition is consistent with the spectral 
information. The polymer particles were precipitated into methanol and yield of the 
purified polymeric HNPs were approximately 95%. HNP is a white powder with an 
observed Tg corresponds to the polymer composition. The chemical structure of HNP-2 



















































Figure 3.10.  Chemical Structure of HNP-2. 
 
3.6 Differential Scanning Calorimetry Studies 
Differential scanning calorimetry (DSC) data showed one and two distinct glass 
transition temperatures for homo and for the mHNPs respectively in both cases. A glass 
transition was observed for the poly-3methyl 4-vinylpyridine chains, Tg = -164.16° C as 
shown in Figure 3.11 for homopolymer and 160.28° C for P3M4VP@P(S/DVB) HNP-
1(Figure3.12). In another case a glass transition was observed for the poly 2-
methoxystyrene chains, Tg =92.43° C shown in Figure3.11 for homopolymer and 93.39° 
C for the P2MS@P(S/DVB) (Figure 3.12). The lowering of the Tg of polystyrene in the 

















Figure 4.  DSC thermograms of the hairy nanoparticle samples. P3M4VP@P(S/DVB) 
and P2MS@P(S/DVB). The heating rate is 10 ̊C /min. The glass transition temperature, 




3.7 Particle Size Determination 
DLS, SEM and AFM were also used to determine the morphology and particle 
size of the synthesized mHNPs. The particle size found for the HNPs for the drop casted 
sample were found much smaller than that of DLS.   
 
3.7.1 Dynamic Light Scattering  
The hydrodynamic radius of the synthesized HNPs was determined by dynamic 
light scattering using THF, Chloroform, Benzene and Methanol as a solvent. The 
concentration used for the measurement was 1mg/ml. Dynamic Light Scattering (DLS) 
measures the translational diffusion coefficients Dt of nanoparticles and colloids in 
solution by quantifying dynamic fluctuations in scattered light. Sizes and size 
distributions, in turn, are calculated from the diffusion coefficients in terms of 
hydrodynamic radius, rh or hydrodynamic diameter, dh. In Figure 3.13 size distribution of 
HNP-1 showed radius mostly between 50-60 nm whereas in Figure 3.14 showed the 




















Figure 3.13.  HNP-1 size distribution. 
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3.7.2 Morphology Characterization of HNP by Scanning Electron Microscope 
(SEM)  
Scanning electron microscopy (SEM) was employed to measure the particle size 
of organic HNP systems from drop casted solution. The diameter of the particles was 












3.7.3 Morphology Characterization of HNP by Atomic Force Microscopy (AFM) 
 
Particle size was further explored by AFM using drop casted solution (benzene as 
solvent) of HNPs. The diameter of the particles found in AFM images ranges 35-40nm. 
Most of the particles aggregated and appeared as larger spherical particles due to 
aggregation. This is shown in Figure 3.16 a&b.   
 
 
Figure 3.15.  SEM image of HNP-1 (1% solution of HNPs in methanol drop casted 




Figure 3.16.  AFM images of HNP-1 (1% solution in benzene drop casted on silicon 
wafer). a)5.5µm b)1.8µm. 
 
 3.8 Circular Dichroism Measurement 
It is difficult to obtain CD at room temperature in solution as during the setting up 
process of the experiment the optically active helical P(3M4VP) brushes loses its optical 
activity because of helix-to helix interconversion and only a racemic mix of helices can 
be seen. Therefore, the CD spectra in solution at room temperature do not show Cotton 
effects attributable to secondary structure. The Cotton effects are lost because of either 
racemization, helix-to-helix interconversion or helix-coil transition.  
The stereochemistry of the homopolymer, as well as HNP, is not known and 
difficult to determine because the rigid polymer structure is not amenable to obtaining 
high-resolution NMR13C spectra necessary for stereochemistry assignments. However 
previously done MM3 calculations support the formation of isotactic helical poly (3-
methyl-4-vinyl pyridine).  From the previous work, we came to learn that non-








a racemic mixture of left and right-handed helices. Because of the dynamic helical nature 
of (3M4VP), it should be possible to carry out the preparation of a predominately one-
handed helical P(3M4VP) brushes, starting with a racemic mixture through complexation 
with an enantiomer. The resulting complexes should be diastereomers and of non-equal 
energy. Hence, complexation with an enantiomeric compound should result in a shift of 
the equilibrium towards the energetically favored diastereomers, i.e. result is the helix 
selection process.  
The overall process can be followed by CD spectroscopy. ICD spectra of HNP in 
the presence of optically active carboxylic acids and amino acids were measured in order 
to investigate whether the racemic mix will respond to chiral compounds; showing the 
characteristic ICD. The complexation of optically inactive, HNPs were carried out with 
(R) and (S) leucine and mandelic acids at 1:2, mandelic acid, leucine/monomer repeat 
unit ratios in MeOH- H2O solvents. Complexation of the oxygen of the mandelic acid, 
leucine and the nitrogen of the P3M4VP showed Cotton Effects around 270 nm and 275 
nm in the CD(Figure 3.17), (R) or (S)- mandelic acid has an absorption at 268-270 nm at 
the CD measurements. Figure 3.17 shows the ICD of HNP -(R) or (S) mandelic acid and 
figure 3.18 HNP –D or L Leucine complexes show mirror images. The Cotton effects 
spectate indicative of the formation of enantiomeric structures.  
Methanol-water mixture of complexation seems to be the most effective 
















process through acid-base interactions in these systems. These results indicate that a 
helical conformation with right- or left-helicity in excess formed through acid-base 
interaction with enantiomers of mandelic acid and leucine. The results shown here are 
representative of the stereoselective of one-handed helix versus the other by the 
enantiomer mandelic acid. In the case of (R)-mandelic acid, the induction or stereo 
selection of the (+) helix was preferred, whereas in the case of (S)-mandelic acid the 
induction or stereo selection of the helix (-) was preferred. The phenomena are similar for 
D and L leucine. This stereo selection is due to the fact that the no-optically active or 
optically inactive polymer is a racemic mixture of helical P3M4VP, where left- and right-
handed helices are present in equal concentrations.  
 
3.9 Scanning Electron Microscopy studies of self-assembled suprastructures 
Scanning electron microscopy (SEM) was employed to observe the self-assembly 
of the organic HNP systems in presence of chiral stimuli. Different chiral compounds 
were used to make a complex with HNP-1, methanol-water used as a solvent for the self-
assembly of HNP-1, and the resulting morphologies are shown in Figure 24. HNP-1 and 
mandelic acid form some irregular cluster like morphologies can be seen in Figure 24a& 
24b although they demonstrated opposite cotton effect in induced circular dichroism 
signal. HNP-1 and leucine complex showed helical network like morphologies. However, 
it is hard to see whether they have opposite handed configuration since they have shown 
opposite cotton effect in ICD spectra which can be seen in Figure 3.19c & Figure 3.19d. 
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Figure 3.19.  SEM images of HNP-1 complexes with different chiral stimuli(5µm) a) 
HNP-1and (R)-mandelic acid complex b) HNP-1and (S)- Mandelic acid complex c) HNP-
1and D leucine complex d) HNP-1 L leucine complex e) HNP-1 and D Alanine complex 










3.10 Atomic Force Microscopy studies of self-assembled suprastructures 
Since the morphology of leucine and HNP-1 found to be interesting, we further 
examined them by atomic force microscopy. In both cases, helical network can be seen. 
But it is not clear whether they have opposite configuration which is shown in Figure 
3.20a & 3.20b. 
 
  
Figure 3.20.  AFM images of Leucine HNP-1 complexes a) D leucine-HNP-1 complex 
b) L leucine –HNP-1 complex. 
 
3.11 Membrane Preparation 
Concentrated solution (20w/w%) of HNP-1 in THF/DMF was drop casted on a 
silicon wafer and air-dried samples were then characterized by SEM to see the 
morphology drop casted membrane. It showed nanoporous membrane formation is 














3.12 Self-assembly studies of HNP-2 by Atomic Force Microscopy 
Atomic force microscopy was used to see the morphology of the self-assembled 
suprastructures of HNP-2. The selection of solvent is important in achieving the toroid 
shape from the final assembly of HNP-2 on a silicon wafer. Due to the presence of 
methoxy group in 2-vinylanisole, HNP-2 can be dissolved in a number of slightly polar 
organic solvents. Different solvents were used for the self-assembly of HNP-2 only 
chloroform found to be effective in getting the resulting toroidal morphologies. The 
HNP-2 (P2MS@P(S/DVB)) self-assembled to form multiple- sized toroids (Figure 3.22) 
with the diameters ranging from 180 nm to 1.5µm. Remarkably, two small toroids 
(180nm in diameter) are able to connect and fuse together to form a larger toroid (360 nm 
in diameter) (Figure 3.22 d). Similarly, the larger toroids can combine with another same 
size toroid to form more-larger toroid (ca. 720 nm in diameter), and so on. The largest 
toroid (ca. nm in diameter) is equivalent to fusing together  eight of the smallest toroids. 
An emerging question arises as to how these smaller toroids self- assemble to form 
 
 




hierarchical toroids. The answer lies within how long the sample solution was revolved 
and how fast it is revolved. The first two sample was prepared using 1000rpm for 30 
seconds and the second sample was prepared by using 750 rpm for 15 seconds. From the 
images, we can conclude that higher spin rate for longer time results in more robust and 
well-defined structures than lower spin rate and time. The self- assembly of such core-
shell mHNPs is an efficient strategy for producing appealing superstructures with 
















Figure 3.22.  AFM images self-assembled toroids from HNP-2 (0.5mg/ml solution in 
chloroform) depicts three different higher ordered toroids obtained by imaging an air-
dried sample formed by spin-casting a chloroform solution of P2MS@P(S/DVB)/HNP-2 
on a)50µm scale image with 1000 rpm spin rate for 30 sec b) 16µm scale image with 1000 
rpm spin rate for 30 sec c)50µ scale image with 750 rpm spin rate for 15 sec d)16  scale 











 In conclusion, we can say that microphase separated polymeric hairy 
nanoparticles (mHNPs) having PS core with P3M4VP or P2MS shells were successfully 
synthesized by living anionic polymerization technique via “one-pot synthesis” approach. 
Polystyrene cores were in-situ formed by living anionic copolymerization of styrene (S) 
and divinylbenzene (DVB). The living polystyrene core was then utilized to polymerize 
the 3-Methyl 4-Vinyl Pyridine (3M4VP) or 2-methoxy styrene to produce P3M4VP and 
P2MS hairs respectively following the grafting from technique. The HNP-1 with 3-
methyl 4-vinyl pyridine brushes serve as building blocks that self-assemble into well-
ordered hierarchical suprastructures with interesting morphology and chiral property.  
On the other hand, HNP-2 with poly-2methoxy brushes self-assemble to form 
well defined toroidal structure. The self-assembled HNPs systems will be a tremendous 
boost for the development of functional materials with potential applications in emerging 
industries such as chiral separation, recognition, chiral sensor, asymmetric catalysis or in 
the optical storage device, lithography. The work reported in this dissertation is only a 
starting point for the study of the synthesis and the self -assembly of hairy-nanoparticle 





understanding of how to control the parameters of these materials and develop them for 







APPENDIX   








2. SEM image of P3M4VP and D Leucine complex 
    . 
  
 Figure 5.1. SEM image of P3M4VP and L Leucine 
complex. 
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